The apoproteins of the lobster carotenoprotein, crustacyanin, show single high-affinity binding sites for the hydrophobic fluorescence probes 8-anilo-1 -naphthalenesulphonic acid and cis-parinaric acid, and exhibit fluorescence transfer from tryptophan to the ligands. These results, together with information from the amino acid sequences, infer that the native carotenoid, astaxanthin, is bound to each apoprotein within an internal hydrophobic pocket, or calyx.
INTRODUCTION
The lobster carapace astaxanthin protein, a-crustacyanin, is an oligomeric protein composed of two types of apoproteins, the proteins of each type having identical amino acid compositions: A1, C1 (predominant) and C2 (type I) and A2 (predominant) and A3 (type II). The apoproteins, of approx. 20 kDa, associate pairwise with astaxanthin to form dimers, p-crustacyanin (A 585 nm), with a single carotenoid bound per apoprotein subunit. a.-Crustacyanin (Amax 632 nm) is an octamer of the dimeric units (Zagalsky, 1983) . Apocrustacyanin A2 shows limited sequence similarity (approx. 2500 identity) to the fl-lactoglobulin (BLG)/serum retinol-binding protein (RBP) superfamily of ligandbinding proteins (Findlay et al., 1989) . The two consensus sequences, at approx. 70-80 residue separation which is characteristic of the superfamily (Pevsner et al., 1988; North, 1989) , are largely conserved in apocrustacyanin A2, i.e. N20FDLRRYAGRWYQTHII and y163_ EVIETDYETYSCV. Apocrustacyanin C1 is similar in sequence to the A2 subunit (J. B. C. Findlay, unpublished work) .
The tertiary structures of four members of the superfamily determined by crystallographic studies, i.e. RBP (Newcomer et al., 1984) , BLG (Papiz et al., 1986) , insecticyanin (INS) (Holden et al., 1987) and bilinbinding protein (BBP) (Huber et al., 1987a,b) (Papiz et al., 1986; Monaco et al., 1987; North, 1989) . The sequences of apocrustacyanins A2 and C1 have been modelled by interactive computer graphics to the co-ordinates of RBP with relatively minor alterations to the tertiary structure; for both subunits, the single conserved tryptophan of the first consensus lies at the bottom of the putative hydrophobic pocket.
We have used the fluorescence probes 8-anilo-1-naphthalenesulphonic acid (ANS) and the polyene fatty acid cis-parinaric acid (PNA) (Sklar et (L.) ] and the apoproteins were prepared and purified using chromatofocussing as described by Zagalsky (1985) . The apoproteins were dialysed against distilled water and freezedried before fluorescence titration studies. The proteins were redissolved in 100 mM-Pipes/t-butylamine buffer, pH 7.2, immediately before use, and any undissolved material was removed by centrifugation. Protein concentration was determined as described by Peterson (1977) .
The ammonium salt of ANS (Aldrich) was dissolved in distilled water before use and the concentration checked using c = 5000 M-1. cm-' (Stryer, 1965) . cis-PNA was 350 prepared from seed kernels of Parinarium laurinium supplied by the Fiji Herbarium, Suva, Fiji, by using the method of Sklar et al. (1977a) . During the extraction procedure, all operations were carried out as quickly as possible, light was excluded and, where possible, operations were carried out at 5°C under CO2. These precautions were necessary to minimize oxidation and polymerization of the cis-PNA. The crude product was recrystallized a minimum of four times from light petroleum (boiling pt. 30-60°C). The resulting white crystals were dried and stored under liquid nitrogen.
The purity of the sample was checked by determining the melting point [86°C; Riley (1950) Vol. 265 ment of the absorption spectrum in the region 260-360 nm (Sklar et al., 1977a) . No triene absorption at 250 nm was seen and the concentration of the cis-PNA solution was calculated from the absorption at 304.3 nm using e = 78 x 103 M-l cm-1 in ethanol (Sklar et al., 1977a) . All solutions in which cis-PNA was dissolved were degassed and then saturated with N2 before use. Small quantities of di-t-butyl-4-methylphenol (BHT) were added to inhibit oxidation, and titrations were carried out as quickly as possible.
Measurements on a Perkin-Elmer Model 3000 scanning fluorimeter of the cis-PNA fluorescence emission spectrum at 25°C in 50 mM-Pipes/t-butylamine buffer, pH 7.2, indicated the presence ofa single broad maximum at 411 nm.
Fluorimetric titrations of ANS versus protein and vice versa were carried out at 25°C in 100 mM-Pipes/tbutylamine buffer, pH 7.2, using the method of Ingham & Suelter (1975) . The protein tryptophan was excited at 383-391 nm and the ANS fluorescence enhancement was measured at 464-494 nm, depending upon the apoprotein chosen. Titrations at fixed protein concentration were carried out by the addition to a solution of the protein alone of a solution containing ANS and protein at constant molar ratio. The ANS concentration was varied over a range of about 350-fold. Similar experiments were performed in which the protein concentration was varied at fixed ANS concentration. The fluorescence enhancements were analysed by the method of Scatchard (1949) using fluorescence values corrected for the contribution due to protein tryptophan and the inner filter effect. All calculations were performed on a VAX 11/780 using MINITAB.
Similar experiments were performed with cis-PNA by exciting protein tryptophan and measuring cis-PNA fluorescence enhancement at 411 nm. Titrations were carried out in 100 mM-Pipes/t-butylamine buffer, pH 7.2, in the presence of trace amounts of BHT to minimize ligand oxidation. All solutions were degassed and flushed with N2 prior to use. The initial concentration of cis-PNA was calculated from the absorbance at 304.3 nm of the stock solution (approx. 0.6 mm in ethanol) immediately before use, assuming e = 78 x 103 M1 cm-' (Sklar et al., 1977a) . Initial concentrations of cis-PNA were in the region of I /tM. Apoprotein solutions were added in small volumes with the molar ratio of protein/cis-PNA in the range 0.025-1.5. Measurements of the fluorescence at 411 nm due to cis-PNA bound to protein were corrected for the contribution of protein tryptophan fluorescence. The titration of ANS with the A2 subunit using corrected fluorescence enhancement values is shown in Fig. 1 , and the results for all titrations are summarized in Table 1 . Variability in the observed excitation maximum of the different apoproteins is primarily due to absorption effects. The shift in the emission maximum to a longer wavelength for /3-crustacyanin, however, suggests that binding occurs at another, less hydrophobic, site on the (Ingham & Suelter, 1975 The results of similar experiments with cis-PNA are shown in Table 2 . The same fluorescence transfer from protein tryptophan to bound cis-PNA is observed when measured at 411 nm. As with ANS, there appears to be a single strong binding site in each apoprotein subunit, with dissociation constants in the region of 1-30 /uM. The shape of titration curves at high cis-PNA ligand concentrations may indicate that cis-PNA also binds at a number of other, weaker, sites. These experiments, however, were difficult to interpret with precision due to the ease with which cis-PNA undergoes photo-oxidation and subsequent polymerization. As ligand degradation products may contribute significantly to the observed fluorescence, the quantitative characterization of the strong-binding site may be subject to error, and results at high cis-PNA/protein ratios must be interpreted with caution. Nevertheless, it seems clear that cis-PNA is binding to a hydrophobic site which is probably that of the native ligand, astaxanthin.
RESULTS

DISCUSSION
It has been inferred from investigations with crustacyanin of the quenching of tryptophan fluorescence that one or more tryptophan residues are within the carotenoid-binding sites in a non-polar environment (Lee et al., 1980) . The present study using hydrophobic fluorescent probes, taken together with the amino acid sequences and putative tertiary protein structures of the apoproteins, provides further insight into the likely nature of the carotenoid-binding pockets and of the position of tryptophan therein. Since only a single tryptophan is conserved in the two subunit types of the protein, these results immediately identify this residue as the site of interaction with the probes and establishes both its position in the binding pocket of the protein and its accessibility to ligands in this pocket. The dissociation constants for the probe-apocrustacyanin complexes compare with that of the retinol-RBP complex, which is 1.7 x I07 M (Cogan et al., 1976) . The fluorescence transfer from tryptophan to ANS, the stronger binding of the polyene analogue cis-PNA, and the finding of a single strong binding site, suggest that both probes are bound to the same site, that of the native carotenoid. Apocrustacyanin A2 has a unique tryptophan (residue 30), and apocrustacyanin C1 has, in addition to the conserved residue (position 35), a tryptophan in the N-terminal tail (position 21). The results are consistent with putative tertiary structures of the apocrustacyanin subunits based on that of RBP, with astaxanthin bound, as for retinol in RBP, within the hydrophobic pocket of each subunit, in close proximity to the tryptophan lying at the bottom of the calyx. The accompanying dimerization of the apoproteins to ,3-crustacyanin is prerequisite to shield the larger ligand, which would otherwise protrude into the aqueous environment.
